Key message Across five biogeographic areas, DBH-CA allometry was characterized by inter-site homogeneity and intra-site heterogeneity, whereas the reverse was observed for DBH-H allometry. Abstract Tree crowns play a central role in stand dynamics. Remotely sensed canopy images have been shown to allow inferring stand structure and biomass which suggests that allometric scaling between stems and crowns may be tight, although insufficiently investigated to date. Here, we report the first broad-scale assessment of stem vs. crown scaling exponents using measurements of bole diameter (DBH), total height (H), and crown area (CA) made on 4148 trees belonging to 538 species in five biogeographic areas across the wet tropics. Allometries were fitted with power functions using ordinary least-squares regressions on log-transformed data. The inter-site variability and intra-site (sub-canopy vs. canopy trees) variability of the allometries were evaluated by comparing the scaling exponents. Our results indicated that, in contrast to both DBH-H and H-CA allometries, DBH-CA allometry shows no significant inter-site variation. This fairly invariant scaling calls for increased effort in documenting crown sizes as part of tree morphology. Stability in DBH-CA allometry, indeed, suggests that some universal constraints are sufficiently pervasive to restrict the exponent variation to a narrow range. In addition, our results point to inverse changes in the scaling exponent of the DBH-CA vs. DBH-H allometries when shifting from sub-canopy to canopy trees, suggesting a change in carbon allocation when a tree reaches direct light. These results pave the way for further advances in our understanding of niche partitioning in tree species, tropical forest dynamics, and to estimate AGB in tropical forests from remotely sensed images.
Introduction
Forest ecosystems are complex three-dimensional arrangements of individual trees. Most models of forest structure and dynamic still rely on diameters at breast height (DBH) as an easy-to-measure proxy for 3D tree dimensions, such as tree height and crown sizes. In fact, data on tree height (H) and crown dimensions are more difficult to acquire than DBH, especially from very large tropical trees that predominantly contribute to forest Communicated by E. Beck.
& Elodie Blanchard blanchard@iac.nc 1 structure (Lindenmayer et al. 2012; Lutz et al. 2013) and to carbon and biomass storage (AGB, Slik et al. 2013; Fauset et al. 2015; Bastin et al. 2015) . Data on H are increasingly integrated in forest models (e.g., Kohyama et al. 2003; Feldpausch et al. 2012) , notably with the recent use of airborne LiDAR (light detection and ranging) to measure forest height (e.g., Clark et al. 2004; Kennel et al. 2013) . In comparison, crown size, shape, and position are seldom used (but see Harja et al. 2012; Bohlman and Pacala 2012; Taubert et al. 2015; Farrior et al. 2016) , while it has been shown that they are appropriate variables to predict tree growth and mortality (Moravie et al. 1999; King 2005; Muller-Landau et al. 2006) . To improve models in spite of difficulties in data acquisition, authors used tree allometries to estimate tree H and crown dimensions from DBH (e.g., Harja et al. 2012; Bohlman and O'Brien 2006; Antin et al. 2013) .
In recent decades, the variability of allometries between tree DBH and H, and its consequences for understanding stand dynamics and forest AGB estimation have raised increasing interest (e.g., Aiba and Kohyama 1996; Thomas 1996; Feldpausch et al. 2011; Banin et al. 2012; Lines et al. 2012; Harja et al. 2012 ; Thomas et al. 2015) . In comparison, the allometries between crown dimensions and either DBH or H have received a very little interest. Most studies focused on the trade-off between investments in H versus crown expansion during ontogeny by comparing species adult stature (King 1996; Henry and Aarssen 1999; Kohyama et al. 2003; Poorter et al. 2003 Poorter et al. , 2006 Osunkoya et al. 2007; King and Clark 2011) . Nevertheless, recent publications highlighted the importance of crown allometries in understanding the structural organization of forest stands and their productivity (Mäkelä and Valentine 2006; Coomes et al. 2012; Attocchi and Skovsgaard 2015; Muller-Landau et al. 2006) , the diversification of tree architecture (Olson et al. 2009 ), niche partitioning in trees within a forest stand Antin et al. 2013) , and the variations in canopy structure (Bohlman and O'Brien 2006; Bohlman and Pacala 2012; Palace et al. 2015; Farrior et al. 2016) . It was also recently demonstrated that including information on crown widths in classical AGB allometric models (i.e., based on DBH, H and wood density, Chave et al. 2005 Chave et al. , 2014 greatly improved model fit, particularly in the case of large trees (Goodman et al. 2014; Ploton et al. 2016) .
Allometries are of increasing importance in the development of remote sensing surveys of forests to estimate forest AGB at landscape and regional scales. Both tree H and crown sizes have been shown to be good predictors of AGB, and may be measured by remotely sensed information. For instance, AGB was modelled from canopy height data derived from airborne LiDAR (Asner 2009; Saatchi et al. 2011; Baccini et al. 2012; Zolkos et al. 2013; Bouvier et al. 2015) or from assessments of crown size distribution of canopy trees derived from textural analysis of very high spatial resolution (VHR) optical images (Proisy et al. 2007; Barbier et al. 2010; Ploton et al. 2013; Bastin et al. 2014; Singh et al. 2015) . However, neither LiDAR nor VHR optical data provide direct data on tree DBH, which is the traditional biomass predictor and the main stand structure variable measured in the field. To be comparable with DBH-based data, remote sensing information needs to be complemented by allometric relationships, which is the missing link to infer DBH-based stand variables from canopy metrics.
Patterns of tree allometries partly reflect the fundamental concepts in plant architecture defined by the balance between plant form and functions (Hallé et al. 1978; Barthélémy and Caraglio 2007) . During tree ontogeny, tree growth results from a trade-off between vertical growth of the stem to reach the sunniest layer of the vegetation and horizontal expansion of the crown to maximize light interception. Hence, dense stands promote vertical growth (Montgomery and Chazdon 2001; Osunkoya et al. 2007; Bohlman and Pacala 2012) , while increasing light availability and lateral empty space promote horizontal crown expansion. In turn, this expansion is associated with the thickening of the stem base required for mechanical support at the expense of vertical growth (Sterck and Bongers 2001; King 1996; Yamada et al. 2005 ). Mechanical interactions between trees limit lateral crown extension through branch abrasion of moving canopies, which is illustrated by the so-called ''crown shyness gap'' in the canopy layer (Jacobs 1955; Putz et al. 1984) . Tree strategies for resource allocation and their influence on allometries are, thus, mainly driven by competition for space (Hajek et al. 2015) and light (Banin et al. 2012; Lines et al. 2012) , which mainly depend on the position of the crown within the 3D structure of the forest stand.
In parallel, several studies have shown that allocation patterns between tree dimensions can differ among species, according to different species-specific traits, such as the adult stature (Aiba and Kohyama 1996; Kohyama et al. 2003; Bohlman and O'Brien 2006; Iida et al. 2011) , wood density (Anten and Schieving 2010; Iida et al. 2012; Thomas et al. 2015) , or responses to resource availability (Poorter et al. 2003; Kitajima et al. 2005; Quesada et al. 2012) . In allometric equations, the scaling exponent of the power function can also be shaped by the environmental conditions of the stand (e.g., Sterck and Bongers 2001; Osada et al. 2004; Nogueira et al. 2008; Lang et al. 2010; Heineman et al. 2011) , the local environment of an individual tree, and by the diversity of tree communities (e.g., Iwasa et al. 1985; King and Maindonald 1999; Poorter et al. 2003; Kitajima et al. 2005) .
In reverse to all these sources of variation, some general mechanical growth constraints promote stability in the allometric relationship between DBH and crown size. Indeed, the mechanical constraints exerted by leaves on stems supporting them and the hydraulic constraints suffered by stems that have to supply water to leaves may drive the size and total area of leaves deployed by the stems (Niklas 1992; Westoby et al. 2002; Westoby and Wright 2003) . The metabolic theory of ecology (MTE, West et al. 1999; Brown et al. 2004 ) has generated specific allometric predictions by some of these constraints. The MTE theory is based on the assumption that the metabolic scaling is invariably reflected into the morphological scaling. However, several studies suggest that the MTE fails to predict the observed scaling exponent of the H-DBH allometry (Poorter et al. 2003; Coomes et al. 2003; Bohlman and O'Brien 2006; Muller-Landau et al. 2006) , whereas the MTE may better predict the scaling exponent of the crown allometries [i.e., DBH-crown area (CA) allometry] (Antin et al. 2013) . Furthermore, the correlation between canopy metrics (computed from remotely sensed data) and stand parameters (measured in the field) supports the hypothesis of a fairly stable allometric relationship between the dimensions of the crown and of the stem (Read et al. 2003; Couteron et al. 2005; Broadbent et al. 2008) .
While it has been shown that DBH-H allometry is largely site-dependent in tropical forests (Feldpausch et al. 2011; Banin et al. 2012; Vincent et al. 2012) , the variability of DBH-CA allometry across biogeographic areas has, to our knowledge, never been addressed. Is the scaling exponent of the DBH-CA allometry as variable as the scaling exponent of the DBH-H allometry? Does scaling vary between biogeographic contexts or does it depend on the position of the trees in the local stand arrangement? To address these questions, data from five tropical forests located in different biogeographic areas with different climates and disturbance levels were gathered. First, intersite variability and intra-site variability of DBH-CA, DBH-H, and H-CA allometries were compared. A stable scaling exponent between DBH and CA across tropical forests would allow the use of simple crown area parameters to improve AGB allometric models and to predict stand structure variables at large scale from airborne and space borne sensors. Second, allometries of species able to reach the canopy at maturity were analyzed to determine to what extent intra-site variability can be consistently interpreted as a consequence of the ''liberation'' effect (Cusset 1980) , i.e., the full extension of crown when a tree reaches the upper canopy layer. This ''liberation'' effect should result in a higher allocation of biomass to crown expansion when a tree reaches the canopy layer. Thanks to our multi-site analysis of some sources of variability of the allometries implying the three fundamental dimensions of a tree, we are able to provide guidelines for the future research now needed to better link and model crown and stem dynamics at individual and stand levels.
Materials and methods

Study data sets
We compiled data sets with diameter at breast height (DBH), height (H), and crown area (CA) of trees with a DBH C10 cm in five contrasted tropical forests: in the South-West Pacific (New Caledonia, NC), South-East Asia (Indonesia, ID), South Asia (India, IN), eastern Amazonia (French Guiana, FG), and equatorial Africa (Cameroon and Gabon, CM-GA) (Fig. 1) . The compiled data sets combine measurements from 4148 trees belonging to 538 species originating from published data sets (Indonesia from Harja et al. 2012 , India from Antin et al. 2013 and French Guiana from both Birnbaum 2001 and Sabatier et al. 1997) , and from original unpublished data sets (from New Caledonia and equatorial Africa). The tree sampling method differed among the five data sets, and was either based on sampling of (1) selected tree species, (2) species adult stature (notably to distinguish canopy species from sub-canopy species) (Gourlet-Fleury et al. 2005) , (3) the position of the tree crown in the vertical canopy layer at the time of sampling according to a crown light exposure index (Dawkins 1963 ) (notably distinguishing canopy trees from sub-canopy trees, corresponding to the Dawkins's indices 4/5 and 1/2/3, Fig. 1 Location of the five study sites. The Indonesia site includes the islands of Sumatra and Kalimantan islands. The rainforests are in green on the map; the GIS layer was downloaded from The Nature Conservation website (http://maps.tnc.org/index.html) (color figure online) Trees (2016 Trees ( ) 30:1953 Trees ( -1968 Trees ( 1955 respectively), (4) DBH classes, and (5) trees according to slope classes (Table 1) . It should be noted that, except for India, the majority of the sampled trees belonged to species that reach the canopy when mature.
Tree measurements
In all data sets, three dimensions (DBH, H, and CA) were measured in the field. In IN and NC, the crown area was computed from the cumulated projected area of four quarters of an ellipse, which were approximated from four orthogonal radii defined from the distance from the trunk to the vertical projection of the crown edge. In ID, FG, and CM-GA, crown area was computed as the area of a circle with a radius estimated as the arithmetical average of two diameters of the crown projection in two perpendicular directions, including the largest diameter. When the crown was considered to be symmetrical, the radius was estimated in only one direction measurement (in CM-GA). Tree crown areas were measured using a standard measuring tape (in ID, IN, and FG) or a laser rangefinder device (in NC and CM-GA). Tree heights were measured at all sites as the vertical distance from the ground to the highest point of the tree crown using a graduated pole for small trees (in IN), a clinometer and a standard measuring tape (in ID, IN, and FG), or a laser rangefinder (in NC and CM-GA). Differences in the methods used to measure the crown area could lead to over-estimation of crown area in ID, FG, and CM-GA, but have no effect on the allometric scaling exponent, apart from preventing a comparison of the intercept of the allometries.
Tree DBH, height, and crown area distribution in the data sets
The distribution of DBH reflected the combination of both the particular forest structure and the sampling strategy at each study site. In fact, the IN data set was a quasi-random sample of the forest and its DBH distribution reflected a majority of small trees (median = 17 cm). The distribution of DBH was less skewed towards small trees in the four other data sets (26 cm \ median \ 31 cm). Conversely, the data sets from CM-GA and FG contained a high proportion of large trees (third quartiles of 53 and 47 cm, respectively, see Fig. 2 and Table 2 ). As a consequence, H distribution was characterized by a higher proportion of tall trees in these two data sets (medians of 21 and 27 m and third quartiles of 30 and 33 m, respectively, see Fig. 2 and Table 2 ). Logically, the distribution of CA was also heterogeneous among sites, and was characterized by a higher proportion of small-crown trees in the NC data set (median of 15 m 2 ) and a higher proportion of large crowns Table 2 ).
Sub-sampling of canopy and sub-canopy trees
At each site, we sub-sampled the data set according to the position of the trees in the canopy layer: (1) canopy trees (i.e., trees whose crown was entirely exposed to light at the time of sampling); and (2) sub-canopy trees (i.e., trees whose crown was partially or poorly exposed to light at the time of sampling) ( Table 3 ). These two sub-samples were selected using a site-specific threshold related to canopy height. When the exposure of the crown to light (sensus Dawkins 1963) was known (NC, ID, IN, and FG), the mean height of the recorded canopy trees was computed, otherwise the canopy height was extracted from some of our unpublished data for CM-GA. Thus, a tree was considered to be a canopy tree when its height was greater than or equal to 16 m in NC, 17 m in ID, 24 m in IN, 25 m in CM-GA, and 28 m in FG.
Fitting allometries
Allometries were fitted based on: (1) all the trees taken together; and (2) representative sub-samples of trees from the canopy and the sub-canopy layer. Because of missing data, DBH-H, DBH-CA, and H-CA relationships were fitted on slightly different data sets (i.e., 4148 individuals of 538 species, 4097 of 492 species, and 3431 individuals of 446 species, respectively). Allometric relationships were fitted to power functions using ordinary least-squares regression on log-transformed data: y ¼ b Â x a , logðyÞ ¼ log b þ a Â log x where y was alternatively H or CA, and x was alternatively DBH or H. In the allometry, a is the scaling exponent and b is the intercept. In this study, we checked that power functions acceptably rendered the allometries and compared their variability through the comparison of scaling exponents and intercepts of the log-log-linear regression, even though this has been questioned, especially with respect to DBH-H allometry (Picard et al. 2015) . As the relationship between allometric variables is theoretically bidirectional, with errors on all the variables, this could require fitting allometries using a Q1 first quartile, Q3 the third quartile. See Table 1 for a list of abbreviations used for the sites Trees (2016 Trees ( ) 30:1953 Trees ( -1968 Trees ( 1957 linear regression model of the reduced major axis (RMA) type, (see Sokal and Rohlf 2012) . However, assuming that the estimated uncertainty on the DBH (typically B1 cm) was far lower than on the H and CA, and that the uncertainty on H was lower than on the CA, we chose to use an ordinary least-squares (OLS) regression (Henry and Aarssen 1999) . For all the fitted allometric relationships, the conditions of normality and homoscedasticity of residuals were checked with a Kolmogorov-Smirnov test and BreuschPagan test, respectively. The significance of the scaling exponents and intercepts was checked with Student's t tests (Sokal and Rohlf 1981) . A standard variance decomposition procedure (ANOVA type I sum of squares) was used to determine the relative contribution of independent variables (DBH and H) to the variance of the dependent variables (CA and H).
As our study only concerned the allometries of trees with DBH C10 cm and H C 4 m, we calculated the predicted intercept of the dependent variables (H and CA) for DBH = 10 cm (Int10) and H = 4 m (Int4), which was the lower limit of the independent variable. A correction factor e MSE 2 ð Þ , where MSE is the mean square error of the fitted linear model (Baskerville 1972) , was applied to backtransformed predicted values, so as to remove the bias from predictions made on log-transformed data (Chave et al. 2005; Mascaro et al. 2014) .
Testing for inter-site variability and intra-site variability of allometries
Using the whole data set (i.e., all the trees), we tested whether the scaling exponent of allometries varied among the five study sites. We also tested the significance of the interaction sites-DBH and sites-H (i.e., covariance analysis) using an F test to evaluate the additional amount of variance explained by the interaction term. When the interaction term was significant for either scaling exponents or intercepts, we applied inter-site pairwise comparisons (Student's test with a Bonferroni correction for the P value adjustment in the case of multiple testing). To facilitate the comparison of intra-site variability among allometries and between CA and H, coefficients of variation were calculated for: (1) each allometry with the rootmean-square error expressed as a percentage of the mean of the explained variable, and (2) CA and H with the standard deviations expressed as a percentage of the mean. Within each site, we used a t test to compare the observed scaling exponents of the DBH-CA and DBH-H allometries in the whole data set with the scaling exponent predicted by the MTE (West et al. 1999; Brown et al. 2004 ). Finally, we tested variations in the three allometries within each site according to the position of the tree crowns (i.e., canopy vs. sub-canopy trees) through a t test applied to the scaling exponents.
We also assessed how the observed scaling exponent varies during tree ontogeny using DBH as a proxy, and using a two-step breakpoint procedure applied to the allometric regression of all the trees in the five biogeographic areas. The first step used a Davies' test (Davies 1987 ) with adjusted P values for multiple comparisons to identify significant variations in the scaling exponent of each loglinear relationship for 1000 regularly spaced DBH values. The second step used the DBH value of the most significant breakpoint as an initial value of a segmented regression (Muggeo 2003) . All statistical analyses were conducted with the R software (3.1.2, R Development Core Team 2014) and the ''segmented'' add-on package (Muggeo 2008) for the two-step breakpoint procedure.
Results
Site-wise allometric relationships
All allometric relationships between DBH, H, and CA (Fig. 3) followed a log-linear model (F tests, P \ 0.001), all scaling exponents, and intercepts being highly significant (t tests, P \ 0.001). For all the fitted allometric relationships, the conditions of normality and homoscedasticity of residuals were fulfilled, respectively, with P \ 0.050 (Kolmogorov-Smirnov test) and P [ 0.050 (Breusch-Pagan test). The fit of the log-linear model was better for DBH-CA and DBH-H allometries (0.51 \ R2 \ 0.68) than Only trees with a DBH C10 cm were considered. At each site, we distinguished trees whose crown was entirely exposed to light at the time of sampling (canopy trees) and trees whose crown was partially or poorly exposed to light at the time of sampling (sub-canopy trees). Numbers in brackets indicate the corresponding number of species in each data set for H-CA allometry (0.18 \ R2 \ 0.44). Except for the DBH-CA allometry in NC and ID, the site-wise scaling exponents of the DBH-CA and DBH-H allometries were significantly lower than predicted by the MTE (scaling exponent = 4/3; t test, P \ 0.050, Table 3 ). According to the general allometric models (including all trees at all sites), DBH explained 52 % of H variability and 49 % of CA variability, while H only explained 32 % of the variation in CA. The proportion of variance explained by DBH in the DBH-CA and DBH-H allometries was also more uniform among sites (56-59 and 50-68 %, respectively) compared to the variability of the variance portion explained by H in the H-CA allometry (18-44 %, Table 3 ). The scaling exponents varied far less across sites for the DBH-CA allometry (1.212-1.354) than the DBH-H (0.374-0.631) and H-CA allometries (0.828-1.795). At each site, the comparison between the coefficients of variation of the three allometries showed that the dispersion of points was higher for the DBH-CA and H-CA allometries than for the DBH-H allometry (Table 4) . For a given range of DBH, the coefficient of variation of CA was three-to-five times higher than the coefficient of variation of H, depending on the sites, for both canopy trees and subcanopy trees (Table 5) .
When computed at each site separately, Davies' test revealed significant breakpoints for all the allometric relationships (P \ 0.050) except for the DBH-CA and H-CA allometries in the NC and ID data sets. Compared to the DBH-CA and DBH-H allometries, all the significant breakpoints of the H-CA allometries occurred within a narrow range of H across sites (12.8-14.5 m). Moreover, in the IN site, there was consistency between the breakpoints of the DBH-CA and DBH-H allometries (DBH = 15.5 and 17.6 cm, respectively), which was not the case in the other data sets.
Inter-site variations in allometric relationships
The scaling exponent of the DBH-CA allometry revealed no significant variations (F test, P = 0.091) across the five study sites. The scaling exponent of the mean DBH-CA allometry (across all sites) was 1.237 (with a confidence interval ranging from 1.198 to 1.275), i.e., significantly lower than the MTE prediction of 4/3. However, the scaling exponents of the DBH-H and H-CA allometries showed highly significant inter-site variations (F test, P \ 0.001; Table 3 ). According to the post-hoc pairwise comparison tests, the majority of pairs of sites showed significantly different scaling exponents (t test, P \ 0.050), except the pairs ID/IN and NC/CM-GA for the DBH-H allometry and the pair FG/CM-GA for the H-CA allometry. On the other hand, inter-site homogeneity was also observed in DBH-CA scaling exponents when the comparison was limited to the sub-samples of canopy trees. However, inter-site heterogeneity was observed for the sub-canopy trees, since only four pairs out of ten displayed no significant differences (ID/NC, ID/IN, NC/IN, and NC/CM-GA).
Pairwise comparison between site intercepts distinguished three groups of DBH-CA allometric relationships (Table 4) : CM-GA, FG, and IN displayed the highest intercepts, ID had an intermediate intercept value, and NC had the lowest intercept. There was no congruence between these differences and the variation in the method of crown measurement which differentiated IN and NC from the rest. For the DBH-H allometry, besides the NC/IN pair, pairwise intercepts differed significantly (F test, P \ 0.05). Finally, Fig. 3 Log-linear allometric relationships for all trees with a DBH C 10 cm at the five study sites, between a stem diameter at breast height (DBH) and crown area, b DBH and tree height, and c tree height and crown area Trees (2016 Trees ( ) 30:1953 Trees ( -1968 1959 three groups were separated from the intercepts of the H-CA allometry: CM-GA/FG/NC, IN/NC, and ID (NC was assigned to two groups due to the large confidence interval around the estimated intercept). For a reference DBH of 10 cm (Int10, i.e., census threshold), the estimated mean crown size was ranked in ascending order from NC, ID, IN, and FG to CM-GA, and increased from 4.57 to 16.63 m 2 . Ranking was almost the same for mean tree height at DBH = 10 cm, and mean H values ranged from 8.76 to 16.82 m. For a height threshold of 4 m (Int4), the estimated mean CA was in ascending order from FG, NC, and CM-GA, to IN and ID, and ranged from 2.33 to 14.59 m 2 (Table 4) .
Variability between allometries of canopy and subcanopy trees
When the analysis was limited to either canopy trees or sub-canopy trees, all allometries between DBH, H, and CA fitted the log-linear model well (F tests, P \ 0.001). The scaling exponents and intercepts were highly significant (t tests, P \ 0.001) except for the FG sub-canopy trees, because too few were sampled (23 trees, Fig. 3 ). The scaling exponent differed significantly (t test, P \ 0.010) between canopy trees and sub-canopy trees for the allometries in NC, IN, CM-GA, and FG, while the scaling exponent of canopy and sub-canopy trees differed only for the DBH-CA allometry in the ID data set. The scaling exponent of the DBH-CA and H-CA allometries increased systematically from the sub-canopy trees to the canopy trees, while the scaling exponent of the DBH-H allometry systematically decreased (Table 6 ; Fig. 4) . A higher contrast in scaling exponents between canopy tree and sub-canopy tree sub-samples was observed for the DBH-H and H-CA allometries compared to the DBH-CA allometry (Table 6 ; Fig. 4 ).
Discussion
Towards a better understanding of the 3D structure of trees and stands
The three-dimensional forest structure and its dynamics are usually approximated by considering the DBH as a proxy for both the vertical expansion and the horizontal expansion of trees. However, if the DBH increases continuously with the age of the tree due to xylem expansion, a few quantitative data are available to infer height and crown dimensions from the DBH parameter alone and, hence, to understand which changes in resource allocation may co-vary with the DBH increment. If the collection of DBH-H measurements from all over the world has significantly increased in the last decade, incorporating crown dimensions in a large-scale study of tree allometry remained challenging as crown area is one among the most complicated parameters to acquire in the field. Nevertheless, the recent interest in tree allometries between crown and stem dimensions shows that the crown is a key parameter in assessing and monitoring tropical The significance of differences was tested with an F test: NS non-significant, ** P \ 0.010, and *** P \ 0.001 Trees (2016 Trees ( ) 30:1953 Trees ( -1968 1961 Fig. 4 Allometric relationships (log-log-linear regressions) of stem diameter at breast height (DBH) with crown area (first column), height (second column), and height with crown area (third column) at the five sites investigated. At each site, relationships were computed and plotted for canopy trees and sub-canopy trees, separately forest structure and dynamics (e.g., Muller-Landau et al. 2006; Bohlman and Pacala 2012; Goodman et al. 2014) . In fact, to our knowledge, the present paper is the first attempt to provide a worldwide picture of crown allometries of tropical trees using data collected in five different biogeographic areas. Our data set was compiled from tree inventories in five parts of the world, with different climates, topographical conditions, disturbance levels, types of tropical forests, pools of species, and DBH size distributions. Such heterogeneity is favorable to test the stability of tree allometries at inter-and intra-site scales. However, the different sampling designs used in these inventories prevented us from exploring all aspects of inter-and intra-site variations in the allometries. For instance, the imbalance between canopy and sub-canopy trees in the data sets did not allow analyzing the influence of species adult stature on the scaling exponent and intercept values of allometries, as evidenced in former studies (e.g., King 1990 King , 1996 Kohyama et al. 2003; Yamada et al. 2005; Bohlman and O'Brien 2006; Antin et al. 2013 ). The inter-site difference in sampling may also have influenced results relating to intercept values or breaking points, which failed to reveal any easily interpretable pattern.
Inter-site stability of DBH-CA allometry
The scaling exponent of the DBH-CA allometry remained strikingly stable across the five biogeographic areas for both the whole data set and the sub-set of canopy trees. We acknowledge that a relatively low P value of the F test (0.091) was found and that the failure to reject the null hypothesis may result from a lack of power (may be due to strong intra-site variability). However, the small range of variation observed for the scaling exponents of DBH-CA allometries (1.212-1.354) includes the mean value (1.311) found in Kalimantan (Borneo, Indonesia) by Kohyama et al. (2003) as well as the value of 1.28 reported by Farrior et al. (2016) for Barro Colorado (Panama). It is also close to the value reported by Muller-Landau et al. (2006) (1.36) for the same site. Moreover, this inter-site stability is somewhat puzzling, as it was observed across a set of different forest environments featuring several strong causes for variations in stand structure. In addition, the inter-site variability of the average crown area computed for trees with a DBH of 10 cm (i.e., the intercept of the scaling relationship) highlights the heterogeneity of the types of forest in our data set. Finally, our results on DBH-CA allometry did not clearly reject the prediction of the metabolic theory of ecology (MTE), since the inter-site range of variation in scaling exponents included the value of 4/3 and two sites yielded values that did not differ significantly from the MTE predictions.
The convergence towards a universal scaling exponent of the DBH-CA allometry in tropical trees has been observed notwithstanding the impressive variability of tree shapes and sizes observed across species and environments (e.g., Barthélémy and Caraglio 2007; Clark et al. 2015) and which call for interpretations that are still largely lacking (or, at best, incomplete) in the literature. Scaling between stem diameter and total leaf area has been proposed to be one consequence of the mechanical constraints exerted by the leaves on the stems that support them (Niklas 1992; Westoby et al. 2002) . This scaling relationship has also been interpreted by hydraulic constraints (expressed by the pipe-model theory, see Shinozaki et al. 1964) , as the result of the hydraulic supply through stems, which may determine the size of the leaves deployed by the stems (Westoby et al. 2002; Westoby and Wright 2003) . Another possible explanation for this allometric scaling is metabolic constraints. Based on the assumption that similar amounts of photosynthates are produced per unit crown area (Olson et al. 2009 ), the scaling between DBH and CA would be expected to result from the metabolic demand of living cells in the stem for a given quantity of leaves as photosynthetic sources (Niklas 1994; Enquist 2002) . All these, by no means mutually exclusive explanations, contribute to the MTE, which predicted fixed allometries for an idealised individual tree (West et al. 2009; Smith et al. 2013; Bentley et al. 2013) . However, the stability of tree allometric scaling relations predicted by these theoretical predictions has often been invalidated by empirical studies, suggesting that intra-specific (Poorter et al. 2003; Bohlman and O'Brien 2006) and inter-site variability (Coomes et al. 2003; Muller-Landau et al. 2006) in tree architectural development lead to substantial deviations from theoretical predictions. Likewise, variations in allometries are expected to reflect the magnitude of the actual responses of trees to the availability of resources as well as to local spatial crowding (Iwasa et al. 1985; King and Maindonald 1999; Poorter et al. 2003; Kitajima et al. 2005) .
Moreover, the overall inter-site stability of scaling exponents of DBH-CA allometries contrasted significantly with the high inter-site variability found for scaling exponents of the two other allometries studied (DBH-H and the H-CA). These inter-site differences are in agreement with the results of several previous studies showing that DBH-H allometry is subject to strong inter-site variability. This variability may be due to environmental conditions (Nogueira et al. 2008; Feldpausch et al. 2011; Vincent et al. 2012) , forest structure, such as the proportion of trees with a small or large DBH (Molto et al. 2014) , as well as the floristic composition, because some biogeographic areas may be dominated by families with particularly tall tree species (Banin et al. 2012) . The average height reached at a given ontogenetic stage by the subpopulation of 'dominant' Trees (2016 Trees ( ) 30:1953 Trees ( -1968 Trees ( 1963 (i.e., the most vigorous) trees is known to be a proxy for site productivity and, to some extent, to be independent of stand density (Vanclay 1992; Skovsgaard and Vanclay 2008) . In contrast to the intrinsic interdependency of DBH and age, the height of a tree is an adjustable parameter which, in a given species, depends to a great extent on the abiotic environment. In line with the previous empirical studies ( Muller-Landau et al. 2006; Coomes and Allen 2009; Pretzsch and Dieler 2012) , our results concerning DBH-H allometries once again clearly reject the prediction of a universal scaling exponent, such as that made by the MTE.
Change in CA and H allometries as evidence of tree ''liberation''
Our results support the hypothesis that the transition of a tree from the sub-canopy to the canopy layer leads to an increase in the DBH-CA scaling exponent and to a bigger decrease in the DBH-H scaling exponent. These concomitant variations could be linked to the fundamental architectural concept of metamorphosis (Hallé and Ng 1981) , defined as the inner reprogramming of an expanding tree crown, in which the early branching pattern is repeated in each of the sub-crowns, thereby contributing to the development of the whole crown (Oldeman 1990) . The height at which the architectural metamorphosis occurs is named the ''liberation point'' (Oldeman 1974 (Oldeman , 1990 Cusset 1980; Hallé et al. 1978) . This point marks a shift in resource allocation towards less investment in vertical stem growth to the benefit of thickening of the bole base to support the horizontal expansion of the crown, to maximize light interception (Richards 1996; Henry and Aarssen 1999; Montgomery and Chazdon 2001; King et al. 2005) . The resulting asymptotic growth in height has been reported in the other studies (Thomas 1996; Yamada et al. 2005; Bohlman and Pacala 2012) . The increase in the DBH-CA scaling exponent evidenced here has long been suggested to be another likely consequence of the liberation point connected with the decrease in the scaling exponent of the DBH-H allometry (Oldeman 1974; Richards 1996) . However, among the few case studies on the topic, only a small number supported an increase in crown area when trees reach the canopy (Wyckoff and Clark 2005; Russo et al. 2007; Antin et al. 2013) , while Muller-Landau et al. (2006) concluded the reverse. Some authors have suggested that wood density explains the trade-off between effective vertical stem expansion and horizontal crown expansion (Anten and Schieving 2010) . Species with high wood density were found to have more slender (and shorter) stems, but larger crowns than similarly sized trees of species having lower wood density (e.g., Kohyama and Hotta 1990; Kohyama et al. 2003; King et al. 2005; Poorter et al. 2008; Iida et al. 2012) . However, it has been shown that this pattern weakens in tall trees ([17-18 m) (King et al. 2006; Iida et al. 2012) , suggesting that it rather reflects inter-species trade-offs in resource allocation than a direct, overall effect of liberation.
Evidence of crown plasticity
The high intra-site variability of the scaling exponent of the DBH-CA allometry compared to the relative stability of the scaling exponent of the DBH-H allometry suggests a high level of plasticity in the crown development for a given DBH. This variability in the lateral crown expansion could be explained by the combined ontogeny, asymmetrical competition for light, canopy shyness, and inter-specific differences in architectural patterns. First, for a given type of crown architecture, canopy trees are characterized by complex lateral branching processes, due to the multiple processes of architectural adjustment and compensation that crowns initiate when and after the trees reached the canopy layer (Oldeman 1990; Barthélémy and Caraglio 2007) . These processes often result in a large fragmented crown whose fragmentation tends to increase with senescence (Hallé et al. 1978; Rutishauser et al. 2011) . Second, the crown architecture of sub-canopy trees varies among species depending on their adult stature, and sub-canopy species have been shown to invest more in the width and depth expansion of their crown, unlike canopy species, which invest more in the height (e.g., Poorter et al. 2006; Bohlman and O'Brien 2006; Osunkoya et al. 2007; Iida et al. 2011) . Third, in a closed canopy forest, competition for light and space is strongly asymmetrical depending on the irregular structure of the vegetation surrounding a given tree (Umeki 1995; Purves et al. 2007; Strigul et al. 2008 ), leading to locally highly variable lateral crown expansion. Finally, measuring crown dimensions becomes more difficult as tree size increases, since large crowns tend to be irregular and fragmented.
Conclusion
To our knowledge, the present study is the first to evaluate and compare the main tree dimensions (DBH, H, and CA) across the tropics. In contrast to DBH-H allometry, intersite variability of the scaling exponent of DBH-CA allometry was strikingly low compared to intra-site variability. This inter-site stability suggests that, despite great diversity in tree crown architecture, some universal constraints would be sufficiently strong to shape the range of possible scalings between crown area and stem diameter. Such constraints seem to determine stand-level DBH-CA allometry patterns, irrespective of the biogeographic context, even though they are known-and confirmed here-to be locally modified by inter-species differences and by the morphological plasticity of individual trees. Our results also showed that the scaling exponent of DBH-CA and DBH-H allometries changed in opposite directions when computed for canopy or sub-canopy trees. This switch supports the hypothesis of enhanced biomass allocation for crown expansion once a tree reaches direct light. Finally, our findings suggest that the relative importance of errors linked to the prediction of crown dimensions from DBH, which is substantial for individual trees, may decrease at regional scales. Our results also suggest that calibration over a small number of reference sites seems to be sufficient to predict stand structure variables (e.g., mean quadratic DBH) and AGB using crown dimensions extracted from remotely sensed data. DBH-CA allometry is indeed a fundamental link in combining field and zenithal information to better understand, model, and map the spatio-temporal variability of stand structure and AGB in complex tropical forests.
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